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During orthodontic tooth movement (OTM), alveolar bone is resorbed by osteoclasts in compression
sites (CS) and is deposited by osteoblasts in tension sites (TS). The aim of this study was to develop aKeywords:
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standardized OTM protocol in mice and to investigate the expression of bone resorption and deposition
markers in CS and TS. An orthodontic appliance was placed in C57BL6/J mice. To deﬁne the ideal
orthodontic force, the molars of the mice were subjected to forces of 0.1 N, 0.25 N, 0.35 N and 0.5 N. The
expression of mediators that are involved in bone remodeling at CS and TS was analyzed using a Real-
Time PCR. The data revealed that a force of 0.35 N promoted optimal OTM and osteoclast recruitment
without root resorption. The levels of TNF-a, RANKL, MMP13 and OPG were all altered in CS and TS.
Whereas TNF-a and Cathepsin K exhibited elevated levels in CS, RUNX2 and OCN levels were higher in
TS. Our results suggest that 0.35 N is the ideal force for OTM in mice and has no side effects. Moreover,
the expression of bone remodeling markers differed between the compression and the tension areas,
potentially explaining the distinct cellular migration and differentiation patterns in each of these sites.
& 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Bone remodeling is essential for bone turnover and occurs
principally as a result of osteoclast and osteoblast activity
(Riancho and Delgado-Calle, 2011; Tanaka et al., 2005). The
coordinated action of these two cell types leads to bone resorp-
tion and deposition, in response to stress and mechanical loading
(Hadjidakis and Androulakis, 2006).
Models of orthodontic tooth movement (OTM) are effective for
the study of mechanical loading-induced bone remodeling (Verna
et al., 2004). Different animal models (e.g., rats, dogs, monkeys and
mice) have been described in recent decades (Ren et al., 2007).
Nevertheless, the availability of murine knock out strains has
encouraged the study of protein and receptor functions during
OTM in these animals (Andrade Jr et al., 2007, 2009; Taddei et al.,lsevier OA license. 
gia, Universidade Federal de
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his paper.2012; Yoshimatsu et al., 2006). However, only a small number of
studies have been performed in mice, and the methodologies that
have been used for these analyses, including the amount of applied
force, have varied (Andrade Jr et al., 2007; Brooks et al., 2009; Huang
et al., 2009; Taddei et al., 2012; Yoshimatsu et al., 2006). The
achievement of an optimal force is essential for obtaining the
maximum rate of OTM without deleterious effects on the root, the
PDL and the alveolar bone (Krishnan and Davidovitch, 2006; Ren
et al., 2007). Moreover, a standardized methodology is important to
allow the comparison of different studies.
There is a general agreement in the literature that the mechan-
ical loading that is provided by an orthodontic appliance generates
two different strains in the periodontal ligament (PDL): compres-
sion and tension. In compression site (CS), the force that is
generated by the root against the alveolar bone induces bone
resorption. In tension site (TS); however, PDL ﬁbers are strained
and bone tissue is deposited (Krishnan and Davidovitch, 2006;
Masella and Meister, 2006). The alteration of PDL vascularity in
combination with strain-induced mechanosensitivity promotes
the release of several molecules, such as chemokines/cytokines,
neurotransmitters, growth factors and arachidonic acid metabo-
lites (Alhashimi et al., 1999; Davidovitch et al., 1988; Krishnan and
S.R.d.A. Taddei et al. / Journal of Biomechanics 45 (2012) 2729–27352730Davidovitch, 2006). The distinct expression of these mediators in
CS and TS may be responsible for the speciﬁc pattern of cell
migration and bone remodeling that is observed to occur follow-
ing OTM (Cattaneo et al., 2005; Garlet et al., 2007; Masella and
Meister, 2006).
The aim of this study was to develop a standardized OTM
protocol in mice and to analyze the expression of bone remodel-
ing markers in CS and TS.2. Material and methods
2.1. Experimental animals
Ten-week-old C57BL6/J wild-type mice were used in this experiment. The
ethical regulations of the Institutional Ethics Committee were followed for all of
the treatments. No signiﬁcant weight loss was observed in the mice.
2.2. Experimental protocol
The mice were anesthetized i.e. with 0.2 mL of a xylazine (0.02 mg/mL) and
ketamine (50 mg/mL) solution. The mice were then placed in the dorsal decubitus
position, with the 4 limbs afﬁxed to a surgical table (Fig. 1a). To permit the full
visualization of intra-oral structures, a mouth-opener (m) was developed for this
experiment and was afﬁxed to the surgical table with a 0.08 mm wire to inhibit
any forward movement of the head (w) (Fig. 1b).
A stereomicroscope (Quimis Aparelhos Cientı´ﬁcos Ltd, Diadema, S~ao Paulo,
Brazil) (s) and an optical light system (Multi-Position Fiber Optic IlluminatorFig. 1. (A) Mice positioned in the dorsal decubitus on the surgical table, developed to restri
Surgical table placed under a streromicroscope and a ﬁber optic ligthing device. (D) Occlus
coil spring bonded to the occlusal surface of the upper right ﬁrst molar. (E) A tension gauge
bonded to both upper incisors. Note the stainless steel wire positioned between themesial/
stereomicroscope (s) optical ﬁber device (o), upper ﬁrst molar (f), coil spring (c), tension gSystem, Cole-Parmer Instrument Company Ltd., London, England) (o) were used to
better visualize the intra-oral structures (Fig. 1c). The right ﬁrst maxillary molar
and incisors surface were cleaned using acetone and were etched using a self-
etching primer (Unitek/3 M, Minneapolis, USA). The distal end of an eight-loop,
nickel–titanium open-coil spring 0.250.76 mm (Lancer Orthodontics, San
Marcos, CA, USA) (c) (Fig. 1d) was bonded to the occlusal surface of the right ﬁrst
maxillary molar (f) using a light-cured resin (Transbond, Unitek/3 M, Monrova, CA,
USA) (Fig. 1d).
To activate the coil, the surgical table was attached to a specially designed
apparatus that contained a rail (r) and a crank (cr) to allow the table to slide back
and forth. A tension gauge (t) allowed for the measurement of the amount of
delivered force (Fig. 1e). A 0.08 mm round wire was used to connect the anterior
portion of the coil spring to the tension gauge (h) (Fig. 1e). Therefore, when the
crank (cr) was activated, the surgical table slid along the rail (r) until the
tensiometer registered the desired force (Fig. 1e). Next, the anterior portion of
the coil was bonded to both of the upper incisors (Fig. 1f) to prevent their further
eruption and anchorage loss (Beertsen et al., 1982). No reactivation was performed
during the entire experimental period. The left side of the maxilla (without an
orthodontic appliance) was used as a control.
The experiment was divided into two portions (1) to determine the optimal
orthodontic force and (2) to determine the molecular proﬁle in CS and TS
following OTM in mice. First, 20 mice were divided into 4 groups, for which
different levels of force were used (0.10 N, 0.25 N, 0.35 N and 0.50 N).
The mice were sacriﬁced after 0, 12 h, 72 h (for molecular analysis) or 6 days
(for histopathological analysis). For each set of experiments, 5 animals were used
at each time-point.
2.3. Histopathological analysis
As was previously described (Taddei et al., 2012), the right and the left
maxillae halves were ﬁxed in 10% buffered formalin (pH 7.4), decalciﬁed in 14%ct animal movement and to permit intra-oral access. (B) Mouth-opener in position. (C)
al view of the maxillary molar region. Note the distal/posterior end of the Ni–Ti open
attached to the surgical table showing 0.35 N of mechanical loading. (F) The coil spring
anterior end of the coil. Upper screw (u), lower screw (l), Wire (w), mouth-opener (m),
auge hook (h), rail (r), crank (cr) and tension gauge (t).
S.R.d.A. Taddei et al. / Journal of Biomechanics 45 (2012) 2729–2735 2731EDTA (pH 7.4) and parafﬁn-embedded. 5-mm thick sagittal sections were stained
for tartrate resistant acid phosphatase (TRAP; Sigma-Aldrich, Saint Louis, MO,
USA), counterstained with hematoxylin and used for the histological examina-
tions. The mesial periodontal site of the distal-buccal root of the ﬁrst molar was
used for the osteoclasts counts. Five sections were taken per animal. The
osteoclasts were identiﬁed as TRAP-positive, multinucleated cells on the bone
surface. The slides were evaluated by two examiners who were blinded to the
group status.
2.4. Measurement of OTM
Images of the ﬁrst and second molars were obtained using an optical
microscope (Axioskop 40, Carl Zeiss, Go¨ttingen, Germany) and an adapted digital
camera (PowerShot A620, Canon, Tokyo, Honshu, Japan). Image J software
(National Institutes of Health) was used to quantify the degree of OTM by
measuring the distance between the cementum–enamel junction (CEJ) of the ﬁrst
molar and the second molar on the right hemi-maxilla in relation to the same
measurements for the left hemi-maxilla. Five vertical sections per animal were
evaluated, and three measurements were conducted for each evaluation.
2.5. RNA extraction and real-time PCR
The PDL and the surrounding alveolar bone were extracted from the upper
ﬁrst molars region using a stereomicroscope. All of the gingival tissue, oral mucosa
and teeth were discarded. The periodontal tissues and the alveolar bone that was
extracted from the distal area of the distal buccal root of the ﬁrst maxillary molar
were considered TS. The mesial area of the same root was considered CS. The CS
and TS tissues were submitted to RNA extraction using TRIZOL reagent (Invitro-
gen, Carlsbad, CA, USA). Complementary DNA (cDNA) was synthesized using 2 mg
of RNA through a reverse transcription reaction (Superscript II, Invitrogen). Real-
time PCR analysis was performed in a Mini Opticon (BioRad, Hercules, CA, USA)
using a SYBR-green ﬂuorescence quantiﬁcation system (Applied Biosystems,
Foster City, CA, USA). The standard PCR conditions were 95 1C (10 min) followed
40 cycles of 94 1C (1 min), 58 1C (1 min) and 72 1C (2 min). These cycles were
followed by the standard denaturation curve. The primer sequences are listed in
Table 1. The mean Ct values from duplicate measurements were used to calculate
the expression levels of the target gene, with normalization to an internal control
(b-actin) using the 2DDCt formula.
2.6. Statistical analyses
The data were expressed as the mean7SEM. The comparison between the
groups was performed using one-way analysis of variance (ANOVA) followed by
the Newman–Keuls multiple comparison test. Po0.05 was considered statistically
signiﬁcant.3. Results
3.1. Deﬁnition of the optimal orthodontic force
The histological analysis revealed distal movement of the teeth
in the control group, with TRAP activity observed on the distal
alveolar bone and no activity observed on the mesial side of the
distal-buccal root (Fig. 2c).
Following 6 days of mechanical loading, the experimental
group exhibited a signiﬁcant increase in TRAP activity and,Table 1
Primer sequences and reaction properties.
Target Sense and anti-sense sequences
IL-10 AGATC TCCGAGATGC CTTCA CCGTGGAGCAGGTGAAGA
RUNX2 AACCACAGAACCACAAGTGCG AAATGACTCGGTTGGTCTC
OCN AAGCCTTCATGTCCAAGCAGG TTTGTAGGCGGTCTTCAAG
OPG GGAACCCCAGAGCGAAATACA CCTGAAGAATGCCTCCTCA
RANKL CAGAAGATGGCACTCACTGCA CACCATCGCTTTCTCTGCT
RANK CAAACCTTGGACCAACTGCAC GCAGACCACATCTGATTCC
Cathepsin K CTCCCTCTCGATCCTACAGTAATGA TCAGAGTCAATGCCTC
MMP13 AGAGATGCGTGGAGAGTCGAA AAGGTTTGGAATCTGCCC
TNF-a AAGCCTGTAGCCCATGTTGT CAGATAGATGGGCTCATACC
b-actin ATGTTTGAGACCTTCAACA CACGTCAGACTTCATGATGG
At: annealing temperature; Mt: melting temperature; Bp: base pairs of amplicon size.consequently, greater bone resorption on the mesial bone surface
then was observed in the control group, (Fig. 2 e–j). The greatest
degree of OTM and osteoclast recruitment was observed with
0.35 and 0.50 N of mechanical loading (Fig. 2a and b). However,
signiﬁcant root resorption was observed when 0.50 N was applied
(Fig. 2i and j). Therefore, the results suggested that 0.35 N was the
ideal force for this model, given that this magnitude promoted the
maximum rate of OTM and relatively minor tissue damage.
3.2. Bone resorption markers are preferentially expressed in CS
Increased mRNA levels of tumor necrosis factor-alfa (TNF-a)
(Fig. 3a), receptor activator of nuclear factor kappa B ligand
(RANKL) (Fig. 3b), receptor activator of nuclear factor kappa B
(RANK) (Fig. 3c) and metalloproteinase 13 (MMP-13) (Fig. 3e),
were observed in both CS and TS compared to the control group.
Cathepsin K expression was only signiﬁcantly increased in the CS
(Fig. 3d). Greater levels of TNF-a and Cathepsin K were observed
in the CS than in the TS at both time points. However, increased
levels were only observed at speciﬁc time-points for RANKL
(at 12 h), MMP13 and RANK (both 72 h) (Fig. 3a–e).
3.3. Expression levels of both osteoblast markers and the bone
resorption inhibitors were increased at TS
Runt-related transcription factor 2 (RUNX2) (Fig. 4a) and
osteocalcin (OCN) expression were only signiﬁcantly augmented
in TS (Fig. 4b). Moreover, IL-10 and OPG expression was increased
in TS relative to CS after 72 and 12 h, respectively (Fig. 4c and d).4. Discussion
This study proposed a standardized protocol to examine the
cellular and molecular mechanisms of bone remodeling during
OTM. This protocol allows for limited operator interference and,
through a tension gauge and a specially designed apparatus,
standardizes 0.35 N as the optimal force for OTM in a mouse
model.
OTM models trigger bone remodeling by means of a mechan-
ical loading that is applied to the teeth using a coil spring
(Andrade Jr et al., 2009; Braga et al., 2011; Pavlin et al., 2000).
The achievement of an optimal force is essential to promote an
adequate biological response from periodontal tissues (Krishnan
and Davidovitch, 2006). There is no agreement regarding the
amount of optimal force for OTM in mice given that the applied
force has varied between 0.10 and 0.35 N in previous works
(Andrade Jr et al., 2007; Brooks et al., 2009; Huang, et al., 2009;
Pavlin et al., 2000; Yoshimatsu et al., 2006). This range of force
application is due to the use of different orthodontic appliances
in these studies. The same diversity is also observed when aAt (1C) Mt (1C) Bp
AT 58 85 307
GG 58 80 119
CC 60 78 170
CA 57 77 225
CT 65 73 203
GT 60 84 76
CGTTC 58 80 307
AGG 65 85 162
59 79 330
56 75 495
Fig. 2. (A) Amount of tooth movement in WT mice after 6 days of mechanical loading with 0.10 N, 0.25 N, 0.35 N and 0.50 N. (B) Number of TRAP-positive osteoclasts.
(C–H) Histological changes related to OTM in WT mice (C) control group (without mechanical loading). (D) Experimental side with 0.10 N of orthodontic force (E) 0.25 N.
(F) Magniﬁed view of the identiﬁed area in (E). (G) 0.35 N. (H) Magniﬁed view of the identiﬁed area in (G). (I) 0.50 N. (J) Magniﬁed view of the identiﬁed area in (I). Small
arrows indicate TRAP-positive osteoclasts. MB, mesial alveolar bone; DB, distal alveolar bone; R, root; *, root resorption area. Large arrows indicate the direction of tooth
movement. Data are expressed as the mean7SEM. *Po0.05 comparing the control group to the respective experimental group. ]Po0.05 comparing experimental groups.
One-way ANOVA and Newman–Keuls multiple comparison test. Bar¼100 mm.
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Fig. 3. mRNA expression of (A) TNF-a, RANKL (B), RANK (C), Cathepsin K(D) and MMP13 (E) in WT mice periodontium after 12 and 72 h of mechanical loading. Data are
expressed as mean7SEM. *Po0.05 comparing control to the respective experimental group. One-way ANOVA and Newman–Keuls multiple comparison test.
S.R.d.A. Taddei et al. / Journal of Biomechanics 45 (2012) 2729–2735 2733coil-spring is used given that there are different alloys and
diameters of wire, which themselves can have different lengths
(Andrade Jr et al., 2007; Brooks et al., 2009; Huang et al., 2009;
Pavlin et al., 2000; Yoshimatsu et al., 2006).
The calibration of the delivered force is also extremely impor-
tant for the reproducibility of experiments. For this reason, a
surgical table was developed with an attached tension gauge to
allow for the measurement of the desired force. This design
abolished the possibility of any operator interference, such as
hand vibrations or heating of the tension gauge. Several studies
have proposed that the coil opens in a mesial direction, thus
obtaining a speciﬁc extended length, resulting in a speciﬁc
delivered force that is based on force/deﬂection rate of coil
(Brooks et al., 2009; Pavlin et al., 2000). However, this approach
may be inﬂuenced by undesirable movement from the manip-
ulator’s hand when bonding the coil, which alters the force.
Notably, even when different coils stretch to the same length
while activating, the original size of the coil also inﬂuences the
amount of force that is delivered. For example, if the original size
of wire is 2.88 mm (Ni–Ti 0.250.76 mm) and the coil-spring is
stretched up to 1 mm, the delivered force will be 40 g. However,
this force can be 20 g if the original size of coil is 5.29 mm, as was
demonstrated in our pilot study. Therefore, the protocol that isdescribed here used a standardized original size, wire diameter,
alloy, length and diameter of the chosen coil.
Considering that OTM creates both TS and CS in the period-
ontium, protein expression, bone resorption and deposition mar-
kers were analyzed separately. The results of the present analysis
conﬁrmed a differential expression of marker for these processes,
which allows for the creation of a positive microenvironment for
bone resorption or deposition at speciﬁc sites. Higher expression
levels of the cytokines TNF-a and RANKL and the bone resorption
markers Cathepsin K and MMP13were observed in CS relative to
TS at both of the examined time-points. In agreement with these
results, previous reports described elevated levels of TNF-a and
RANKL in CS following mechanical loading (Brooks et al., 2009;
Garlet et al., 2007; Nishijima, et al., 2006). Given that the RANKL/
RANK axis and TNF-a participate in osteoclastogenesis by up-
regulating osteoclast activity, it can be concluded that a more
resorptive microenvironment was created in CS. Moreover, TNF-a
is an apoptotic factor for osteoblasts and osteocytes (Suda et al.,
2001; Yamashita et al., 2007; Yano et al., 2005). This cytokine may
also be a signal for osteoclast recruitment and, consequently,
bone resorption (Burger et al., 2003). Another important factor
that is expressed in resorption sites is Cathepsin K because
resorption itself depends on the secretion of this protease from
Fig. 4. mRNA expression of RUNX2 (A), OCN (B), IL-10 (C) and OPG (D) in WT periodontium after 12 and 72 h of mechanical loading. Data are expressed as mean7SEM.
*Po0.05 comparing control group to the respective experimental group. One-way ANOVA and Newman–Keuls multiple comparison test.
S.R.d.A. Taddei et al. / Journal of Biomechanics 45 (2012) 2729–27352734osteoclasts (Troen, 2004). Together, these results point to a
possible explanation for the higher osteoclast count and the
consequent greater bone resorption in this area.
Our data revealed higher levels of OCN and RUNX2 (osteoblast
differentiation markers) in TS compared to controls and CS. These
results are in agreement with a previous study that also demon-
strated higher OCN levels in TS than in CS (Garlet et al., 2008).
This result may be due to the increased promotion of bone
deposition in this area by mature osteoblasts.
In addition, we observed higher expression of IL-10 and OPG
(negative regulators of osteoclasts) in TS compared to CS at
different time-points. IL-10 may affect the development of osteo-
clast precursors by decreasing RANK calcium-dependent signaling
(Park-Min et al., 2009). A previous study reported higher IL-10
expression in TS and associated this ﬁnding with reduced osteo-
clast activity and increased osteoblast activity in these sites
(Garlet et al., 2007). In addition to IL-10, high OPG levels also
decrease osteoclastogenesis via RANKL inhibition during induced
mechanical stress (Kanzaki et al., 2004). Therefore, TS exhibited a
differential expression pattern of anti-resorptive mediators that
are known to be involved in bone formation.5. Conclusions
This study developed of a standardized OTM protocol that
controls the external variables that can inﬂuence the amount of
force delivered. In this model, 0.35 N is the optimal force for OTM,
with less-evident tissue damage than was observed for higher
forces. CS and TS exhibit differential expression of mediators that
are involved in bone remodeling. The observed increase in the
levels of these mediators is essential for osteoclast and osteoblast
function and differentiation and may account for increased bone
resorption or deposition at speciﬁc sites.Conﬂict of interest statement
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